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Some highlights of this work can be given such as:
- Martensite-ferrite microstructure enhance tribocorrosion resistance by hard phase reinforcement.
- The applied potential plays a role on the contribution of the corrosion wear.

- The total wear increases even if the surface repassivation is faster at higher potential. Therefore,

wear is mainly driven by the mechanical wear.

- Subsurface stain hardening increase with the repassivation kinetic increase in the dual phase

microstructure.

- Dynamic recrystallization is affected by the material microstructure and mainly occurs in the softer

phase
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Abstract

The study addresses the tribocorrosion behaviaa fdrritic stainless steel and a ferrite-martensite
stainless steel under two passive potentials. Tia¢ ghase microstructure was produced by a specific
heat treatment applied to the ferritic stainleselstSince both materials have the same chemical
composition, their tribocorrosion resistances daseubsed in terms of microstructure benefit. This
benefit concerns the determination of the wear, rate well as the identification of the wear
mechanism from surface and sub-surface observatiorgrallel, current transients recorded during
sliding are analyzed to quantify the kinetics giassivation and evaluate the impact of the remgldi

of oxide film on wear.

The results show that the hardness of the mataritde main parameter that controls wear for the
sliding conditions selected in this work. In a set@rder of magnitude, the nature of the oxideraye
plays a role in the damage mechanism. Finalljhefdxide growth rate is affected by both the ajplie
potential and the microstructure, it mainly affeitts subsurface microstructure of the wear tradk wi

a thickening of the grain refined layer, as theassjvation is faster.
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1- Introduction

Tribocorrosion experiments are usually designechtracterize the wear resistance of materials when
superficial mechanical loading (tribology) and otijgeal electrochemical reactions act
simultaneously. Among all mechanical propertiessidered in dry wear resistance studies [1], [2],
the hardness is usually considered as a key desgrigs reported in other works [3]-[7]. The
empirical law proposed by Archard links the volulmss of matter during an unlubricated wear test to
the hardness of the softest contacting surfaceshendormal load [7], [8]. Therefore, hardnesshis t
major input parameter in the modeling of tribolajibehavior in wear resistance material design,
especially as long as no cracks initiate and pragagnder the wear track [9], [10], [5]. In this
context, metallic alloys such as ferritic stainleg=els are preferred for developing load transfzolt

and conveyers used in aggressive media or autoenmtéchanical parts, cooking tools, etc. [11], [12].
Their metallurgical features also allow them toieel composite microstructures, such as dual-phase
(ferrite-martensite) or duplex (ferrite-austenitalcrostructures. The combination of two phases then
enhances both the hardness and toughness of tedahahcreasing the opportunity to use them [13].
For dual phase microstructures, it has been prakiah the wear rate decreases as the martensite
content increases (e.g., the hard phase) in thigsfematrix. However, this beneficial effect is exqted

until the distribution of the ferrite prevents tpercolation of the martensite [10], [14], [15]. For
Aksoy et al. [14] and Saghafian and Kheirandish],[16e maximum wear resistance increase is

reached for a martensite content between 17 to 8btbe ferrite matrix.

To better resist corrosive environments, dual phsetagless steels have been produced by steel
makers. However, these materials, as all passivierials, are more sensitive to tribocorrosion.
Indeed, the passive film or the oxide layer canasch wear accelerant [17]. Their wear resistances
also depend on the environmental conditions, défnethe chemical and mechanical loads. Jemmely
et al. [18] demonstrated that the wear rate ofratife stainless steel is higher in acidic solugon
compared to neutral or basic solutions becauskeohature of the oxide film and the higher reattivi

of the surface. Instead of varying pH, potentiostists can be used in tribocorrosion experiments

[9]. For pH variation, potentiostatic measuremeras modify the material reactivity in terms of film



thickness, chemistry, etc., affecting the wearstasice at the end [19]. The effect of the mechénica
load must also be taken into account on the oxidelfecause it creates debris at the point of ainta
and it generates additional defects underneathstinface [20]. On the one hand, debris is either
comprised of abrasive particles that increase tharwhile they are in contact with the two pieces o
acted as solid lubricant particles as a functiothefr morphologies and hardnesses [21]. On theroth
hand, the mechanical load generates defects sudlslasations in the subsurface [22]. A portion is
annihilated due to the surface dissolution [23]jlevanother portion is blocked by the passive film
formation which provides a strain accumulation undath the wear track [24], [25], [26].
Consequently, the stacking fault energy under iglad#formation favors dynamic recrystallization
and/or grain rotation in the nearby surface anchgha the subsurface mechanical properties of the

material [1], [27], [28].

While addressing material optimization for tribowsion issues, both chemical composition and
microstructure modifications need be evaluated reéply. However, wear improvement usually

requires their adjustments at the same time [38]]. [n some applications, such as the food ingustr

or orthopedic applications, some chemical elementsh as nickel, are avoided for toxicity reasons,
even if they are beneficial for the wear resistarfae alternative solution consists of performing a

specific heat treatment to improve the hardness@mhness of a single-phase material by promoting
a dual phase microstructure, as is done on fersitiinless steels. In this work, this solution was
chosen to improve the wear resistance of a comaiet@ % Cr ferrite stainless (AISI 430F) into a

ferrite-martensite stainless steel (AlISI430-FM)kihg the advantage that the chemical composition
of the materials is shared, the role of the mictmstire on the depassivation/repassivation kinetcs

be evaluated and linked to the wear behavior ofwltematerials.

A corundum counterpart was chosen because ofgteehiwear and chemistry resistances compared to
the stainless steel in order to only be focusetherreactivity of the substrate. This paper presant
comparison of the tribocorrosion behavior of a mphase and a dual phase stainless steels with a
similar chemical composition. Wear tests are pemfat in the passive domain for two potentials

defined at the beginning and at the minimum ofdbeent density of the passive plateau. The wear



resistances of the two materials are tested agaimsinert counterpart in order to focus on the
stainless-steel reactivity. These latter are aksidbed in term of wear volumes and contributibn o
the mechanical and corrosion wear. In addition, plssivation kinetic of the wear tracks are
guantified in order to discuss its effect on thé-surface microstructure evolution and to conclude

about the effect of the microstructure on the thmmical wear resistance.

2- Materials and experimental procedure
2.1. Heat treatments and tribocorrosion samples

To obtain a dual phase microstructure, ferritenséas steel (AIS1430-F) was first heated to 1000°C
for 1 min to reach the ferrite—austenite domain thresh cooled down by rapid air quenching to fix the
ferrite-martensite microstructure (AlSI430-FM). Gequently, both ferrite and ferrite-martensite
stainless steels present the same chemical congmogit03 wt% C, 16.10 wt% Cr, 0.20 wt% Ni, 0.49

wt% Si, and a balance of Fe.

Disc samples of 50 mm diameter and 3 mm thicknesg wrepared from cold rolled sheets. Surfaces
were ground with SiC emery paper up to grade 24@Dthen polished with several diamond pastes
down to 1 um. After the final polishing step, tlargples were cleaned in an ethanol ultrasonic bath
for 1 min, then dried with pulsed dry air and figadtored for 24 h in a desiccator for native oXiitia
aging. In addition, to get a flat surface for cafom and tribocorrosion testing, surface prepamatio
removed approximately 1 mm of matter, meaning thatwork hardening layer generated by the cold
rolling of the sheet was suppressed (Figure la)s€section observations on AlSI430-FM confirm
that not only the surface but also the volume ef thaterial were transformed after heat treatment

(Figure 1b).



Figure 1. FE-SEM cross section observations ofsajeaeived AlSI430-F and b) AISI 430FM after
chemical etching.

Before tribocorrosion, microstructural observatiomere made after two different electrochemical
etchings; this consisted of an applied potentidl df (vs a steel cathode) for 45 s in a solutioBCavt%
HNO; for AISI430-F, whereas the AISI43-FM microstrug@wvas revealed by soaking in 40 wt%

NaOH for 1 min at 2 V vs a steel cathode.

2.2 Surface hardness characterization

Microhardness measurements were collected on pdlishirfaces using a Buehler MicroMet 5104
under a load of 9.8 N, maintained for 20 s. Averagieies were calculated from 10 indentations on
each sample. These measurements were completadomdentation tests using a G200 nanoindenter
(Agilent Technologies). A Berkovich indenter with G5° angle of curvature was controlled in
displacement to 1 pum under the polished surface. drdness calculation was based on the Oliver
and Pharr method, using the continuous stiffnesasorement (CSM) technique [31]. Only indents
located in the ferrite and/or martensite phaseswensidered for calculating the average hardness
values (20 measurements each time). This procedaseselected in order to reduce the effects of
grain boundaries, carbides, etc., on the measurteamehto obtain more accurate results relative to

each phase hardness.



2.3. Tribocorrosion parameters and wear characterization

Tribocorrosion tests were performed using a recigtiag-motion tribometer (Falex Tribology N. V.,
Belgium) [30]. The experiments were duplicatedeaist three times. A corundum alumina pin with a
curvature radius of 25 mm and diameter of 6 mm sescted as a counter body (Young’'s modulus
and Poisson’s ratio of 380 GPa and 0.25, respédglivds indicated in the introduction, this
configuration was selected to strike only the weérthe stainless steels and to compare the
microstructure effect. Sliding occurred for a maximof 1000 cycles with a stroke length of 10 mm
and under a nominal applied load of 10 N (i.e.alt®liding distance of 20 m). A trapezoidal pin
motion was applied with an acceleration of 500 rifnasd a maximum velocity of 60 mrit.sThe
forward and backward latency periods were set/as50.7 s induced by the change in direction ef th
pin and 5 s selected by the operator. This seleet@s made from preliminary experiments where the
latency periods comprised between 1 s to 10 s tested. In this work, the transient analysis isbas
on the exponential law proposed by Keddam et &] jghich estimates the time constants of the
nucleation and growth of the oxide layer. Therefdrés necessary to have a complete record of the
fall transient in order to determine precisely timee constants of the initiation and the growthtod
oxide film. For the latency periods lower than 2aseds, only the kinetic of the oxide film nucleatio
can be determined. For the latency periods highan 2 seconds, the two times constants can be
precisely defined, however the latency periods efd® not increase the precision of the calculation
Therefore, this time allows clear observation oé tburrent transient fall during the surface
repassivation, as shown in Figure 9. The frictioefficients were evaluated based on the normal and
tangential loads determined in the linear regimeslafing (calculation for cycles up to 150). The
contact features of the ball-on-plane configuratiere calculated based on Hertz assumptions for the
two materials. Table 1 shows almost the same beh#&mi the two microstructures in terms of Hertz
contact pressure and shear stresses. After tleedritosion tests, the pin curvature was contradled
only a change in 2 % was detected. In acidic smhytthis corresponds to a limited wear of the

corundum whereas in neutral and mostly in basigt&wl it corresponds to a material transfer from th



metal to pin. However, the wear on the pin can tresitlered as negligible in a first approximation

regarding the wear measured on the AlSI430-F aad\tB1430-FM.

Table 1. Material properties and results of cakioites based on Hertz assumptions.

Hertz contact] Shear stress

Young . stress Shear Stressg .

. Poisson position
Material Modulus Coefficient
GPa MPa MPa
(GPa) (MPa) (MPa) (um)
AISI430-F 211 0.3 405 130 52
AISI430-FM 190 0.3 390 125 52

After tribocorrosion tests, wear volumes were dateed from the methodology of Qu et al. [33],
based on cross-sectional line measurements byt@exantact profilometry (Somicronic, Surfascan
2D). Worn surfaces were examined using a field-simis scanning electron microscope (FE-SEM,
Supra 55VP, Zeiss) in order to identify the weachamism. Microstructural analyses were completed
by focused ion beam cross-section observations, (NM&sion 40, Zeiss) to assess the subsurface

modifications induced by the interaction betweeédirsty and oxide film reformation [26].

Regarding the corundum pins, their curvatures afiding were compared to their initial curvature.
The results showed a slight increase of the curgatadius, mainly at higher potentials. Since no
aluminum peak was detected on the wear tracks @M-EDX analysis), this change was not
attributed to the pin wear but to a metallic mattansfer from the stainless steel to the pin (EDS
measurement detected iron, chromium and oxygem@pin surface) that fills the pin roughness and

helps in the formation of an adhesive compacteerlay

2.4 Electrochemical setup and parameters

Electrochemical experiments were performed usitigee-electrode tribo-cell connected to a REF600
potentiostat (Gamry). The working electrodes wemaposed of stainless steel discs (10.2 cm? surface

exposed to the electrolyte). A 16.0 cm? graphisx dias selected as the counter electrode and was



mounted above the working electrode (1 cm) to ensuniform current line distribution during the
experiments [34]. All potentials were applied versa mercury sulphate electrodeyéE = +0.65
V/SHE). An aerated solution of 0.02 M,$0, (pH 1.4) was selected to avoid pitting corrosidhe

experiments were performed at room temperatureraadgtagnant solution.

Before each electrochemical measurement, a cattpodiceatment was applied at -1.050 V/MSE for
30 min in order to significantly increase the meament reproducibility [35] [1]. The passivation
ability of the two stainless steels were determifrech polarization curves recorded from -1.100 to
+0.300 V/MSE at a scan rate of 0.5 mV/s. Electraubal impedance spectroscopy measurements
(EIS) were performed at different applied anoditeptials to qualitatively compare the passive film
resistance. Selected potentials were applied toouk after the surface pretreatment in order talrea
current stability. The impedance diagrams wereinbthover a frequency range of 10 kHz to 0.1 Hz
with an amplitude of 5 my,s and 10 points per decade. Polarization curvesEd8dmeasurements
were not recorded during tribocorrosion tests, esitie sliding frequency is not compatible with the
acquisition frequency of EIS and the polarizatioarsrate [36]. Tribocorrosion tests were carriet ou
at two different anodic potentials: -0.71 V/IMSE a0d05 V/MSE. Their selections are discussed in

the results section. During sliding, current fluattans were recorded at a frequency of 200 Hz.

3. Results and discussions

3.1 Microstructures and hardness descriptions

AISI430-F exhibits a globular microstructure withai sizes in the range of 10 um to 100 um (Figure
2a). Micrographs also show chromium carbides hgreously distributed in the material. No signs
of a chromium-depleted area surrounding the chromuarbides or at grain boundaries were detected
by the Strauss test (ASTM A763-Practice 2). Aftex heat treatment, a dual phase microstructure was
obtained with a ferrite matrix (grain sizes in th@me range as AISI430-F) and martensite islands
homogenously dispersed in the volume (Figure 2h)irdage analysis (ImageJ software on Figure 2b)

gives a martensite fraction of 25-30 %. Figure Roves that the solubilization of chromium carbides



during thermal treatment is partial, as some pagicemain in the ferrite matrix. One consequerfce o
the heat treatment was the generation of a baldiffegence of chromium between the two phases.

Thus, Cr/Fe ratio is at approximately 21 at.% imife and 20 at.% in martensite.

Figure 2. Optical observations after electrochematahing of a) AISI430-F and b) AlISI430-FM
microstructures. ¢) SEM surface observation on ABBtFM after chemical etching; white particles
are chromium carbides (SEM-EDS).

In tribology, the wear rate is usually expressedAbghard’s law, which is a function of the normal
load and the hardness of the softer material incthrtact. Since the normal load is fixed for all
experiments, only the hardness of AlSI430-F andI#38-FM have to be evaluated. Microscopic
hardness tests were thus performed on polishedcasfhefore the tribocorrosion experiments. An
average value of 1.5 GPa was found for AISI430-kemsas the hardness increased to 2.2 GPa for

AlSI430-FM. From nanohardness tests (Figure 3), fédrdte matrix in the dual phase exhibits a

10



hardness approximately 1 GPa higher than in AISB30Ohus, the enhancement detected for
AISI430-FM stems from the greater hardness of tleetensite and its reinforcement effect on the
ferrite matrix [37]. In addition to the hardneshke tcorrosion behavior of the materials has to be

considered since the passive film play a role éwtear resistance of the material [17].

15.01

Nanohardness
—u— Ferrite (AlSI430-F)
12.5 1 —e— Ferrite (AISI430-FM)
Martensite (AlISI1430-FM)
10.0 -

Hardness (GPa)

1 Macro hardness AlSI430-F

0 200 400 600 800 1000

Figure 3. Hardness variation with the indentati@ngdration depth in ferrite (AISI430-F) and ferrite
or martensite (AISI430FM) on polished surfaces betdbocorrosion. Scale bars are also reported on
each curve; scale bars on ferrite (AlS1430-F) aevisible at this scale but correspond to + 0.G2aG

3.2. Corrosion behavior of two materials and potentials selection for tribocorrosion

Corrosion behaviors are described from polarizatioarves and impedance spectroscopy
measurements recorded after a cathodic pretreatmhebiO5 V/MSE for 30 minutes. Figure 4a shows
the potentiodynamic curves plotted from the catbadianodic domain for both stainless steels. én th
cathodic domain (potentials lower than -0.95 V/IMSttirents are limited by charge transfer reactions
such as the proton reduction usually encountereatidic solutions. In the anodic region (potentials
above -0.92 V/MSE), an active-passive peak is easkebetween -0.95 V/IMSE and -0.73 V/MSE and

linked to the metal dissolution (€rand F&" [38]. Since pH is higher than the depassivation pH,

11



materials passivate once a passive plateau (1 {0A1€m?) is reached at higher potentials. Note that
the current density is slightly higher for the dphhse microstructure, suggesting that the pafitive
requires more dissolution to remain at the stesatg sin the case of the dual phase microstructiee,
chromium distribution between the martensite arel férrite generate a difference in term of film
stability, such as a local galvanic coupling whaadts negatively on the passivation. Therefore, more
energy is required to keep the material at theipasteady state. On the passive plateau, thergurre
density decreases from -0.71 V/MSE to -0.05 V/MS¥ both materials, which indicates a
reinforcement of the passive properties of the @xigyer with the potential. When impedance
spectroscopy measurements are conducted at theskotmdary potentials, Nyquist diagrams show
an expansion of the pseudo-capacitive loops wighattodic potential (Figure 4b). From a qualitative
viewpoint, this indicates a corrosion resistandea@ecement with the maturation and thickening of the
passive film at higher anodic potentials [19]. Asvously observed on polarization curves, the
pseudo-capacitive loop of AISI430-FM is lower thaat of AlSI430-F at a given potential. Usually,
this corrosion resistance is ascribed to the effefctan alloying element. Since the chemical
composition of the two materials are identicaljsitattributed to the concentration difference of
chromium in the ferrite and the martensite phalseteed, Jang et al. [39] demonstrated that evan if
ferrite-martensite stainless steel tends to patsivaa galvanic coupling is established between the
ferrite (cathodic site) and the martensite (anaite). As a consequence of the galvanic couplimg, t
passive currents increase on polarization curved te pseudo-capacitive loops decrease for

AISI430-FM compared to AlSI430-F.

As mentioned before, the chemical composition duedthickness of the oxide layer evolve with the
applied potential in the passive domain. For Haamqd Strehblow [38] and Tanaka et al. [40], the
metallurgy of the passive film changes from aQzroxide layer at low anodic potentials to a compact
FeOs/Cr,0O; layer at higher anodic potentials. When the apppetential reaches the transpassive
region, the gradual increase of the current densitgttributed to the field-assisted dissolution of
Fe0Os; To compare the tribocorrosion behavior of the twaterials, two potentials were selected in the

passive domain. Note that similar potentials wenesen since the polarization curves for both

12



materials follow the same trend (Figure 4a). Thst fpotential is fixed to -0.71 V/MSE in order to

promote a surface repassivation by low stab®¢hilm, and the second is set at -0.05 V/MSE, where

a compact F©/Cr,0O; layer exists on the surface.

—— AISI430-F
------ AISI430-FM

a) 10— ! ! ! !
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Figure 4. Electrochemical behavior of two stainlessels in an acidic solution described by a)
polarization curves (scan rate of 0.5 mV/s) anélbgtrochemical impedance measurements (Nyquist

diagrams) recorded at -0.71 V/MSE and -0.05 V/MSE.

3.3. Al9430-F and AlS430-FM tribocorrosion behaviors
13



Tribocorrosion tests were performed at -0.71 V/M&kl -0.05 V/MSE under reciprocation in a
solution with pH = 1.4. Currents flowing to the weisacks are recorded according to a classicaéthre
electrode cell, and their variations are plottedrigure 5b and Figure 5c. Irrespective of the agapli
potential, sliding activates the surface reactjwtiich leads to large current fluctuations corrsigof

a finite sum of transients, as described later.

Figure 5a reports the wear rate as a function efaibplied potential for the two stainless steele T
wear rates are in the range of 1.5 %N .m0 2.0 x10® mn?.N*.m™, with higher values for
AISI430-F regardless of the potential. Even if tdwrosion resistance of the dual phase is slightly
lower than that of AISI430-F, the wear resistarexaains controlled by the material hardness, which
is positively affected by the martensite islandgha ferrite matrix for AISI430-FM [15]. Figure 5a
also shows a slight increase of wear with the apptiotential for both materials. This rise in wisar

in line with the detrimental effects of a thickendamature oxide layer, as often reported in the
literature [41]. For a reciprocating motion wittsignificant latency period, the corrosion wear @ann
be estimated from the average current recordedhgluhie sliding because of their large fluctuations
(Figure 5b and Figure 5c¢). Therefore, each trangiéurrent has to be divided into two periods of
time. The first one refers to the sharp increash®fcurrent during the sliding whereas the seaorel
refers to the decrease of the current induced bydpassivation of the surface. The current inereas
versus time corresponds to the electrical charg®iied in the corrosion wear. This latter is
calculated for each transient with the faradaye Vehere the equivalent molar weight of the metal is
equal to 55.2 g/mol and the number of electronba@mxged is equal to 2.17 when only chromium and
iron cations are considered [18]. In the literatuhe mechanical wear is often estimated from rsfjdi
tests performed in the cathodic domain. It is wordticing that either the contribution of the aredi
reaction close to the OCP or the contribution afirbgen charging for cathodic potential affect the
mechanical wear determination [42], [43]. Therefotlee total wear volume is the sum of the
mechanical wear and the corrosion wear where thergistic terms of the wear accelerated corrosion
and the corrosion accelerated wear are includedhén corrosion wear and mechanical wear,

respectively. Table 2 shows for each microstrugttire total wear volume as well as the corrosion

14



wear volume and the mechanical wear volume. Regssdlhe microstructure, the corrosion wear
depends on the applied potential: higher the pistierstronger the corrosion wear will be. The
mechanical wear decreases with the applied potestti@hasizing the contribution of the corrosion
damage at higher potential. Therefore, the chronbatance between the ferrite and the martensite in
the dual phase material has no effect during theasivation rate and the depassivation is not
controlled by the microstructure. It can be notitieat the contribution of the mechanical wear i@ th
total wear is slightly higher in the case of theSMI30-FM even if the wear resistance is improved by
the dual phase microstructure. Irrespective of riierostructure and the potential, the mechanical

wear is the dominant mechanism of degradation tkignwork.

Table 2. Total wear volumes, mechanical wear vokiianed corrosion wear volumes on AlSI430-F
and AlSI430-FM after sliding at -0.71 V/IMSE and0®.V/MSE.

Potential Total wear Mechanical wear Corrosion wear
Sample

(VIMSE) (.10° mn?) (.10% mn?) (.10° mn?)
-0.71 36 +3 33.7 2.3+0.5

AlS1430-F
-0.05 38 +3 29.2 8.8 £0.5
-0.71 3243 29.7 2.3+0.5

AISI430-FM
-0.05 34 +2 25.2 8.8 £0.5

Figure 5a reports the average friction coefficidetermined in the linear regime of wear for each. te
No significant effect can be observed betweenwmeerhicrostructures and the two applied potentials.
This can be attributed to the 10 N load appliedrduthe sliding that not allowed to characterize a

change in the surface condition.

At the beginning of sliding, sharp contacts promatstrong current increase as shown in Figure 5b
and Figure 5c. At -0.71 V/MSE, the maximum curnesstches approximately 5 x4@ and is near 1.5
x10° A at -0.05 V/MSE. Therefore, a higher overpotdrgizhances the surface dissolution in absence
of a passive film (e.qg., sliding period). Note tkia¢ current varies linearly with time after 1808l
7200 s at -0.71 V/IMSE (Figure 5b) and -0.05 V/IM$#gqre 5c), respectively. This is due to the
evolution of the wear tracks surface and the serf@activity that depends on electrochemical and

metallurgical parameters. At -0.71 V/MSE, the ceioa wear corresponds to 6% and 7% of the total
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wear for the AISI430-F and AISI430-FM, respectiveAt -0.05 V/MSE, the contribution of the
corrosion wear in the total wear increases up t&oX8r AlS1430-F and 26% for AlSI430-FM. At the
lowest potential (i.e., -0.71 V/MSE) the contrilmutiof the corrosion wear is weak compared to the
mechanical wear. Therefore, the evolution of theent with the time of sliding mainly depends on
the mechanical wear and the hardness of the mlafbrigner resistance for AlSI430-FM). At -0.05
V/MSE, the contribution of the corrosion wear beesntess negligible, the wear resistance of the
material is then controlled by its mechanical propdts microstructures and the passive film. Ga t
one hand, a higher potential promotes a strongssiya film, enhances the contribution of the
corrosion wear and increases the wear. On the btrad, the dual phase microstructure increases the

hardness of the material and limits the wear.
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Figure 5. a) Tribocorrosion results expressed imseof wear rate (filled symbols) and coefficiefit o
friction (COF, open symbols) reported as a functanthe applied potential for AlSI430-F and
AISI430-FM. Typical polarization curves in the amodange are also reported. Current variations
during tribocorrosion at b) -0.71 V/MSE and c) ®MYMSE for both materials.

3.4. Worn surfaces observations

After tribocorrosion tests, worn surfaces were ol by SEM-EDS to identify the wear mechanism.
On micrographs shown in Figure 6, grooves par&dléhe sliding direction suggest an abrasive wear
regardless of the material and potential. This @anpronounced for ASI430-F at -0.71 V/IMSE
(Figure 6a). For AISI430-FM (Figure 6b), microstiw@l decohesion is randomly detected as flakes
in the same order of magnitude of the martendidgddis. For sliding tests at -0.05 V/MSE, surfages a
more plastically deformed. Figure 6¢c and Figuresbdw an adhesive wear with surface plowing due

to the oxide layer deformation for ASI1430-F and KI®)-FM, respectively [38].
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Figure 6. SEM images of worn surfaces after 100flesyof sliding at -0.71 V/MSE for a) AISI430
and b) AISI 430-FM and at -0.05 V/MSE for c) AISBtand d) AISI 430-FM.

3.5. FIB-SEM cross-sections observations of the wear tracks

Cross-section observations perpendicular to thectiim of sliding were obtained to evaluate the
microstructural damage underneath the wear tradte Khat the damages reported below are the

consequence of the sum of unitary interactions éetwhe surface reactivity and the mechanical load.

At -0.71 VIMSE, Figure 7a shows a grain refinedelajjomogenously distributed in the plane
direction to a 2-3 um depth for ASI430-F. At higheagnification, FIB-SEM images show a well-
defined subsurface microstructure with nanometring ending at the edges of the etched layer
(Figure 7b). Since abrasive wear was defined imrf€id, these grooves come from the pin indent in
the stainless steel but also from the grains’ disgm that takes place during surface dissolution
influenced by the crystallographic orientations][44t -0.05 V/MSE, the grain refined layer depth
increases until reaching 4 um to 6 um (Figure FAexe, grains are no longer parallel to the sample

surface and exhibit preferential orientations ezlato the presence of defects on the worn surface.
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Since the mechanical properties of the slidingkag constant, the grain refined layer thickensennd

the influence of the passive film. Figure 7d shdhet oxides or third bodies embed in grooves at -
0.05 V/MSE, reducing the waviness of the surface.higher magnification, they present a flake
structure that favors surface plowing (Figure 7y aasily transfer to the pin surface. An adhesive
surface is then formed, which consequently incredise friction coefficient as already mentioned at
Figure 5a. Note that chromium carbides might aksdnicorporated into the third layer; however, none

have been detected in the oxide layer or at thiacirirrespective of the potential. These cross-

sectional analyses also show that no cracks genanat propagate into the material volume.

Figure 7. FIB-SEM analysis on ASI430F at -0.71 V/8) large scale observation and b) detail
underneath the surface. c) Grain refined microstrecat -0.05 V/MSE and d) detail of the oxide laye
embedding. White dash lines highlight the TTL, imthg the tribolayer and the deformed region.
Images taken in the perpendicular direction ofirstjd

AlS1430-FM presents the same trend that AlSI4304kus, a dynamic recrystallization takes place in
the first micrometers underneath the surface @-¥/MSE (Figure 8a). However, grain refinement is
located only in the ferrite. Some highly deformezhes are also observed in martensite, but they
coincide with surface defects such as those obdeimeFigure 6b. Because of the martensite

reinforcement, ferrite refined grains present dguemtial orientation in the perpendicular planethaf
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worn surface. Moreover, the refined microstructiseless well-defined than that of AISI430-F
because of constraint induced by the martensitndsl that limits the deformation direction and
increases stress in the ferrite. At -0.05 V/MSIE, ghain refinement layer thickens until reachingr

to 8 um, which is slightly higher than for AISI480¢Figure 8c), with still a dynamic recrystallizati

in the ferrite. Oxide debris are also imbedded the®surface roughness. Since the lamellar strestur
they detach from the worn surface. Since no matedasfer is observed on the counter parts, the
increase of wear is attributed to the enhancentetliteocorrosive wear as shown before and a change
in the passive film composition and thickness.comparison to AISI430-F, not only the passive film
but also martensite islands interact with the pinirdy sliding. The latter offer hard points duritige

pin motion, which could reduce the adhesive contidn of the oxide layer [45]. However, these
changes in the surface conditions cannot be detdgte¢he COF since the normal load selected in this

work is too high.

For AlISI430-FM, no cracks propagate into the materdlume, confirming the beneficial effect of

percolated martensite islands in the ferrite.

\ ‘({ -

\  Martensite
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Figure 8. FIB-SEM analysis on ASI430FM at -0.71 \BM a) large scale observation and b) detail
underneath the surface. c) Grain refined microtirecat 0.05 V/MSE and d) detail of the oxide layer
embedding. Images taken in the perpendicular dmeci sliding

3.6. Repassivation kinetics quantification

Figure 9a and Figure 9b display representativeeotitransient rises in the linear regime of wear fo
AISI430-F and AISI430-FM, respectively. The absentalifferences in terms of maximum current
reached indicate that the two materials behavéniiles manners because of their shared chemical
composition. Therefore, the strongest effect olebrin Figure 9a and Figure 9b comes from the

applied potential, as has been already describEjate 5.

Figure 9c and Figure 9d present falling currenhgrents recorded during the latency period in the
linear regime of wear of AlSI430-F and AISI430-Fkgspectively. If it is easily noticed that the
transient becomes steeper at higher anodic potertdh this increases the curve slope, it is more
difficult to distinguish the influence of the migtoucture on the repassivation rate. To achieve tha
experimental curves have to be fitted by modeld tf@vide quantitative information on the

repassivation kinetics.
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Figure 9. Current transients rise during sliding a)nAlSI430-F and b) AlISI430-FM. Current fall
during the idle periods for ¢) AlSI1430-F and d) M30-FM.
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In the literature, Jemmely et al. [18] and Olssom &temp [46] proposed numerical models to
simulate the overall current transients duringaifirrosion. These are based on the High Field model
and the Interface Field model, respectively. Fog High Field model [47], [48], the thickening
mechanism is controlled by cationic emission atrttetal/film interface, whereas the limiting step in
the Interface Field model is supposed to be thedtion of G by water splitting at the film/solution
interface [49]. Among other descriptors, the oxfidle thickness, charge transfer coefficients, and
ohmic drop can be evaluated through these moddidewheir approach works well for short stroke
lengths, no conclusive results were obtained hieiee 2he depassivation distance is larger. Another
approach consists of a temporal analysis of théndalcurrent transient that can be applied
independently to experimental conditions. For Keddsg al. [32] and Okorie et al. [50], the earlier
step of the repassivation consists of a reactidwdsn metallic ionic species (originating from the
sliding) with oxygen from water molecules to form{@®H), adsorbates and later a 2D oxide layer by
deprotonation of hydrated species [51], [52]. Whiea 2D clusters merge together, oxide thickening
starts according to Okamoto’'s model [53]. This tstep mechanism can be written according
Equation 1, where the first step of the repassivafPD) is characterized by a high current ampétud
(A2p) and a short time constantd), whereas the 3D structuration of the passive fdroharacterized

by lower Agp andtsp parameters [32], [54]. Note that the double layduild and the oxide aging are
not considered since they occur in the first nettisnds of the transient or in the range of hours,
respectively [34], [55]. In Equation 1, a limitirggrrent (§) was also introduced to account for the

steady state current of the passive film at thea#rile idle period.

i = io + AZD.eXp(— t/TZD) + A3D.eXp(— t/TgD) Equatlon 1

Figure 10 shows curves fitted at -0.71 V/IMSE and50V/MSE for falling current transients on
AISI430-F. Since good accuracy is obtained betwé#ad and experimental curves, the time

constanta,p andtzp can be considered to describe the worn surfagssamtion rate.
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Figure 10. Example of current transient fittingtwEquation 1 at -0.71 V/MSE and -0.05 V/MSE on

AlSI430-F. Note that currents are extracted inlihear regime wear (time higher than 6 ¥3@conds
in Figure 5a)

Table 2 reports the amplitude and time constaniestalculated from Equation 1 according to the
applied potential and the microstructure. Regasdtdsmaterial, 4 is lower at -0.05 V/MSE than at -

0.71 V/IMSE, which confirms that the oxide film r&tsince is higher at -0.05 V/MSE, even if surface

is mechanically deformed.

Table 2. Average values from cycles ranged fromts0IDOO0, for the four parameters of Equation 1.
The adjusted R-square is > 0.995.

2D mechanism 3D mechanism
Samples Potential i Top Amplitude App Tap Amplitude Agp
(V/IMSE) (x 10° A) (s) (x 10* A) (s) (x 10* A)
(#5x10° | (£0.04)| (¥05x10° | (£0.04) | (x05x10)

AlSI43C-F -0.71C 31 0.1t 1.7 1.0C 1.5
-0.050 20 0.06 20.0 0.50 3.5
AlSI430-FM -0.710 32 0.20 2.5 1.40 1.3
-0.050 17 0.10 17.5 0.80 1.8

For a given microstructure, the potential rise potes higher current amplitude valuesfAand Ayp)
and a reduction of the times constantsandtsp. The current contribution of the 2D is in the rarg

2 x10* A at -0.71 V/MSE and reaches 20 X184 at -0.05 V/MSE. The 4 dependence on the

25



potential is consistent with the time-current rielatfor instantaneous nucleation and growth given b
Okorie and Nowak [50], who linked the current armule of a transient to the charge involved in the
monolayer formation and a constant depending oenpial. For Ap, the effect of the potential is less

marked since the oxide film thickening is mostlyited by diffusion-migration rather than charge

transfer.

For the repassivation constantgp values (0.06 - 0.2 seconds) coincide with a chdrgasfer
limitation linked to the germination of the oxidénf, whereastsp values (0.5 — 1.4 seconds) are
related to a diffusion/migration-controlled reginusually occurring during the oxide thickening
according to Strehblow [56]. Irrespective of therostructure, a potential shift from -0.71 V/MSE to
-0.05 V/IMSE leads to lower,p and t3p. The reduction of the time constants indicate$ tiha oxide
film rebuild is faster at higher overpotentialsdérd, the precipitation of M(OlHadsorbates in the
iono-selective layer at the worn surface is faai@iti by the concentration increase of*@nd/or F&

at -0.05 V/MSE (Figure 9a and Figure 9b), wherdaspotential difference between the solution and
the material aid the diffusion-migration mechanidaring the oxide thickening [56]—[58]. Table 2
also reveals that the microstructure has an effecthe repassivation kinetics. Indeed, the time
constants T;p, Tap) exhibit slightly higher values for AISI-430FM thakiS1430-F. This decrease in
passivation ability for the dual phase microstruetoan be related to the galvanic coupling between
the ferrite and the martensite, which impedes thiktyaof the surface to become passive, as already
observed on Figure 4a. Therefore, the quantifinatb the repassivation rate shows that anodic
potential promotes the repassivation kinetics efulear track whereas the coexistence of martensite
and ferrite destabilize the formation of the passiayer. If the repassivation rates (Table 2) are
compared to wear rates (Figure 5a), it can be edtibat the wear increases at higher oxide rebuild
kinetics, confirming that the presence of the peaskyer in the contact is detrimental for the miate
resistance [17]. However, the order of magnitudevariation of those parameters suggest that the
oxide layer has a lower role on the material degiad than the pin contact and the stainless steel

microstructure.
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3.7. Influence of the repassivation kinetics on the sub-surface microstructures.

In tribocorrosion, wear resistance arises frommalmoation of external factors such as environmental
conditions, mechanical properties of the contacfases, and internal factors depending on the
material characteristics. Usually, those are rdlate the material chemistry, microstructure and
electrochemical behavior in solution. In most o ttases, the wear resistance of passive alloys is
driven by the hardness of the material as longcasracks are generated that can propagate during
sliding. To improve material hardness, the micragtire and chemical composition of alloys can be
adjusted, or a specific heat treatment can be peed. Here, the general purpose of the heat tregitme
was to solubilize chromium carbide initially preséna commercial ferrite stainless steel (AISI430-

in order to grow martensite islands in ferrite mat(AISI430-FM). Macroscopic hardness
measurements confirmed the beneficial effect ofntlaetensite islands in the ferrite matrix (hardness
increase of 0.7 GPa). Using nanohardness tests, itiprovement was linked not only to the
martensite properties but also an increase of Hrdnless in the ferrite by a matrix reinforcement
effect. Consequently, a lower wear rate was obthafioe the dual phase microstructure for sliding

performed in the passive domain at -0.71 V/MSE #n@5 V/MSE (Figure 5a).

Figure 5a has also shown that the wear rates iseradh the applied potential for both materials.
Note, however, that this trend is less marked ft81430-FM. Surface observations highlighted that
abrasive wear mostly occurred at the beginninghef gassive plateau (i.e., tests at -0.71 V/MSE)
whereas abrasive/adhesive wear took place at @hmtssive potential (i.e., -0.05 V/MSE). This tten
was linked to the oxide film properties. At -0.7IMSE, the oxide layer is mainly composed of@x
whereas an iron enrichment occurs at -0.05 V/MSH. [Since the hardness of the chromium oxide
layer decreases with iron injection [38], [40], wa&acreases at -0.05 V/MSE due to the formation of
an adhesive interface between the pin and samglepserved for AlISI430-F [59]. In the case of
AISI430-FM, the wear increase is less marked dutbeopresence of martensite islands that limit the

pin indents. Moreover, the oxide film mostly groars the ferrite due to the galvanic coupling with th

27



martensite, which could reduce the quantity of exitht participates in the adhesive layer betwieen t

worn surface and the pin [39].

FIB-SEM analysis shows the presence of a graimedfiayer in which the thickness depends on the
potentials and less on the range of the microsiractFrom Beyglezimer [60], the grain division
process is controlled by the pressure, temperadncke the strain rate. If the strain rate and the
temperature are assumed to be equivalent betwkerst, only the pressure should be investigated.
On the one hand, the pin load and pin motion geéeedalocation in the material volume that is
partially annihilated with the surface corrosiorridg sliding. On the other, the oxide film rebuild
blocks the metal dissolution and the dislocatioowfltoward the surface. Therefore, a dynamic
recrystallization by accumulation of plastic defation initiates as function of the repassivation
kinetics. During the pin latency period, the cutréaill analysis highlights that the anodic potentia
favors a faster kinetic of repassivation compakedhe potential close to the active-passive region.
Since the dislocation density underneath the serfiacreases, a thicker grain refinement takes place
and consequently increases the surface strain magdg61]. With the mechanical load applied, this
grain refined layer could not act as a hard lagethe contact and promotes wear, in addition to the
adhesive effect of the oxide layer in the cont&&].[ Therefore, the main influence of the passive
reformation concerns the sub-surface modificatiarthis work. To better characterize the role & th
repassivation rate in wear, further experimentsehtavbe performed at lower mechanical loads to
decrease the contribution of the mechanical wedhéncorrosion wear mechanism and enhance the

effect of the oxide film in wear.

Conclusions

This paper evaluated the tribocorrosion resistarice ferrite and ferrite martensite stainless steel
two applied potentials in the passive domain. Thal gghase microstructure was obtained by thermal
treatment of the ferrite stainless in order to rf@mthe chemical composition of the two materials.

Tests were performed in an acidic solution at -OW/MSE and -0.05 V/MSE. Those potentials
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correspond to the beginning and end of the pagdateau for both samples. A reciprocating motion
was used to monitor the surface reactivity undatirel and the current transients fall during the
latency period. Surface and cross-section obsengtivere performed, and numerical analysis was
carried out on current transient falls to charaegethe repassivation rate of the worn surfacemFro

that, several results have been obtained and canrbmarized as:

- Regardless of the potential, the dual phase mitrcisire presents a higher tribocorrosion
resistance. This was attributed to the compositérimaffect induced by the presence of
martensite islands in the ferrite matrix.

- Wear rate slightly increases at higher potentidiatever the microstructure. Since adhesion wear
was detected on the worn surfaces, the damage esthant was attributed to the nature of the
passive film that deformed more easily due to an enrichment in the gD layer. Note that the
corrosion wear contribution also increases at highedic potential.

- On the one hand, the repassivation rate was netttircorrelated to the wear resistance since the
mechanical load was too high. On the other hantiast been shown that the film reformation
kinetics play a role on the dynamic recrystalliaatunderneath the worn surface. A fast oxidation
rate blocks the annihilation of dislocations bysdisition and promotes a larger grain refinement

layer that is not able to support the mechanicad lim this study.
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